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Abstract—Microwave hyperthermia aims at selectively heating cancer cells to a supra-physiological temperature. For internal tumors,
this is currently achieved by means of an antenna array equipped with a proper cooling system (the water bolus) to avoid overheating
of the skin. The planning of the administered heating is usually tackled by finding the antenna feedings that maximize the specific
absorption rate (SAR) inside the tumor. However, it might happen that an optimal power deposition on the target does not lead to
an equally satisfying temperature focusing. In this paper, we discuss that this is due to the thermal boundary conditions dictated
by the external cooling system, and we propose a strategy to overcome this effect. The procedure is still phrased in terms of an
optimization of the SAR, but with an additional algorithm to determine a corrected SAR focusing location that maximizes the
actual temperature coverage of the tumor. The procedure is thus applicable to existing SAR-based planning approaches; it involves
multiple, parametric solutions of the bioheat equation, and appears to require a very limited computational load. Application of
this strategy to a tumor in the 3D head and neck region is presented to show the effectiveness of the approach.
Keywords—Bioheat equation, boundary conditions, field focusing, finite element method (FEM), hyperthermia, phased arrays, specific
absorption rate (SAR), temperature focusing.
I. INTRODUCTION
HYPERTHERMIA is a cancer treatment that uses thebiological effect of artificially induced heat to nega-
tively impact cancer growth [1]. The fundamental aim of
a microwave hyperthermia treatment consists in selectively
elevating the tumor temperature to 42–43 ◦C by means of
a proper antenna system, while keeping the heat in the
surrounding healthy regions in a tolerable range. The targeted
increase of the tumor temperature has been demonstrated to
sensitize cancer cells to radiotherapy as well as to enhance
the delivery of chemotherapy drugs to the tumor, proving
particularly effective in the treatment of recurrent cancers [2]–
[4].
In the state of the art for internal tumors, the microwave
heating of the target is achieved by exploiting constructive
wave interference from a certain number of antennas, laid out
around the patient [5]–[7]. Due to loss mechanism of wave
physics, the heating of the skin is inevitable; to avoid this,
a plastic or silicon bag filled with circulating demineralized
water (the so called water bolus) is introduced between the
applicator and the body; this has the dual function of coupling
the electromagnetic field into the patient and to cool the body
surface, preventing superficial overheating [8], [9].
The effectiveness of a hyperthermia treatment is strongly
dependent on the quality of the heating process, especially for
challenging anatomical sites such as the head and neck (H&N)
This manuscript was submitted for review on May 25, 2020. This work
was supported by the MIUR PRIN 2015KJE87K. Preliminary findings of
this work were submitted to the 14th European Conference on Antennas and
Propagation (EuCAP), 2020.
R. Gaffoglio, M. Righero and G. Giordanengo are with the Ad-
vanced Computing and Applications area, Fondazione LINKS, 10138 Turin,
Italy (e-mails: rossella.gaffoglio@linksfoundation.com, marco.righero@-
linksfoundation.com, giorgio.giordanengo@linksfoundation.com).
M. Zucchi and G. Vecchi are with the Department of Electronics and
Telecommunications, Politecnico di Torino, 10129 Turin, Italy (e-mails:
marcello.zucchi@polito.it, giuseppe.vecchi@polito.it).
region; this has prompted advances in treatment planning
to optimally set the amplitudes and phases of the applied
signals. To this purpose, patient specific 3D models, based
on the acquisition and segmentation of CT or MRI scans,
together with the applicator model, are imported in appropriate
numerical solvers; the optimization on the antenna feedings is
then performed on the basis of the simulate energy deposition
in the patient.
Maximizing the temperature inside the tumor is the ul-
timate goal of an hyperthermia treatment [10]; however, a
temperature-based optimization requires a very high computa-
tional burden, involving the (numerical) solution of the bioheat
equation at each step. Because of this, treatment planning usu-
ally relies on the optimization of the specific absorption rate
(SAR), which is the heat source (volume density of deposited
power). This significantly eases the required computational
cost; because of its practicality, and its being an indirect
measure of the temperature reached, a systematic study can
be found in the literature where the relationship between SAR
coverage indicators and clinical outcome is assessed [11].
For these reasons, different SAR-based optimization strategies
have been proposed [12]–[14], and actually adopted in the
clinic for applicators in the H&N region [13].
The correlation between SAR and the corresponding tem-
perature peak locations has also been studied theoretically
[15]; that study is based on the assumption of a homogeneous
infinite medium, which is reasonable in many cases. However,
the thermal boundary conditions imposed on the skin-water
bolus interface may significantly impact on the temperature
profile in realistic scenarios, thus leading to a shift in the
spatial peaks of temperature and SAR distribution.
As reported below, we have analyzed this aspect in both
simplified and realistic 3D models and simulations; we have
found indeed temperature-SAR shifts, attributable to water
bolus boundary conditions. We propose here an easy-to-
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2Fig. 1. Left: geometry of the phased array applicator, the simple neck phantom
and the surrounding water bolus; right: middle top view (z = 0 plane) of the
simplified neck model with all the considered tissues.
implement strategy for correcting this, while still employing
SAR optimization. This is achieved by finding the SAR
focusing location that leads to a temperature focusing in the
desired region. The presented approach can be used to improve
the performance of the existing SAR-based optimization pro-
cesses, such as [13], or the recently proposed focusing via
constrained power optimization [15], [16], especially when
applied to sub-superficial tumors [7].
The paper is organized as follows. In Section II, the equation
governing the heat transfer in tissues is briefly introduced. In
Section III, we describe the implemented numerical testbed,
concerning a tumor in the H&N region, the field focusing
technique adopted to maximize the power deposition on the
target and the corresponding thermal analysis. The proposed
corrective procedure on the SAR focusing is presented in
Section IV. The achieved results are reported in Section V,
both for a simple model of the human neck and for a more
realistic numerical phantom. The conclusions follow in Section
VI.
II. BIOHEAT TRANSFER AND BOUNDARY CONDITIONS
The temperature increase in a tissue caused by the exposure
to an external heating source can be described as usual
using the Pennes’ bioheat equation [17]; as common in the
hyperthermia planning literature [18], we will be concerned
with the steady-state version of the equation:
−∇ · (k(r)∇T ) = f(r), (1)
where T is the temperature, k is the tissue-specific thermal
conductivity, and f(r) is the source term, given by:
f(r) = Qhs(r) + ρb Cp,b ω(r) (T (r)− Ta). (2)
In (2), Qhs is the external heat source, ρb and Cp,b are
the blood density and specific heat, Ta is the arterial blood
temperature, and ω is the volumetric blood perfusion rate. The
metabolic heat generation term has been neglected in (2) as
usual. In the presence of an electromagnetic source (such as
an antenna system), the heat source Qhs can be written as:
Qhs(r) =
1
2
σ(r) |E(r)|2 = ρ(r) SAR(r), (3)
TABLE I
THERMAL AND DIELECTRIC PROPERTIES AT f = 434 MHZ [20]
Tissue
ρ k w r σ[ kg
m3
] [
W
m◦C
] [
ml
min kg
]
[-] [S/m]
Skin (wet) 1109 0.37 106 49.4 [21] 0.681 [21]
Fat 911 0.21 33 11.6 0.082
Muscle [7] 1090 0.49 39.1 56.9 0.805
Bone 1908 0.32 10 13.1 0.094
Spinal cord 1075 0.51 160 35 0.456
Tumor [7] 1050 0.51 72.3 59 0.89
Internal air 1.15 0.026 0 1 0
where E is the electric field (peak value), ρ and σ are the
tissue-specific mass density and electrical conductivity, and
SAR denotes the specific absorption rate.
The thermal model has to be completed by the boundary
conditions (B.C.) for the temperature T , specifying how the
system interacts with the outside environment.
For the realistic case of a finite region, two basic types
of thermal boundary conditions can be identified: specified
temperature (isothermal condition) and specified heat flux.
The isothermal condition is appropriate when the body is in
contact with a good heat conductor maintained at a constant
temperature Ts (such as an ice pad) [19] and it is given by:
T (r) = Ts, r ∈ ∂V, (4)
where ∂V indicates the boundary of the considered volume
region V . The effects of an exterior fluid cooling the surface
of the body are instead better described by a convective heat
flux boundary condition:
nˆ · (k(r)∇T (r)) = h (Ts − T (r)), r ∈ ∂V, (5)
where nˆ is the unit vector normal to the boundary, k is the
local thermal conductivity, Ts is the external temperature and
h is the heat transfer coefficient.
III. SAR FOCUSING AND TEMPERATURE SHIFT
A. Numerical testbed
To address the issue of the temperature focusing shift in an
hyperthermia treatment, we implemented a numerical model
concerning the application of the microwave heating to a tumor
placed in the human neck.
For the sake of illustrating issues and the proposed method,
we first consider a simplified computational phantom of the
human neck, where the vertebrae, the trachea, the spinal cord,
as well as the neck shape are modeled by means of cylinders,
while the tumor is represented by a sphere of diameter d = 12
mm; this is shown in Fig. 1. We will then test our method to
the realistic case described in Section V-B.
A phased array applicator is very effective for the heating
of H&N tumors [6], [7], and the reference design is reported
in literature [5]. Hence, we considered a circular array made
of N = 8 patch antennas with water substrate, immersed in a
water bolus and properly matched to operate at the frequency
f = 434 MHz [22]. The dielectric and thermal properties were
3Fig. 2. SAR-Temperature shift. Panel (a): SAR distribution optimized on the GTV, visualized on the planes cutting the tumor along the three canonical directions.
Panel (b): SAR optimized on the GTV displayed on the z = 0 plane; the clinical target volume (CTV) is also reported. The blue annulus corresponds to the
fat layer, characterized by a small power deposition due to the low electrical conductivity σ (see Table I). Panel (c): temperature distribution on the z = 0
plane, achieved solving the bioheat equation on the whole neck region with a convective flux boundary condition on the tissue-water bolus interface and the
SAR profile of panel (a) as source term.
assigned according to the material database in [20], using a
tumor perfusion value 1.85 times higher than the rest value
for the muscle perfusion [23] (see Table I).
The model boundary conditions were set as per the current
literature [24]. A convective heat flux boundary condition
(5) was applied on the tissue-water bolus interface, with
Text = 20
◦C and h = 82 W/(m2 ◦C), and on the internal
boundaries of the laryngotracheal canal, with Text = 30 ◦C
[25] and h = 50 W/(m2 ◦C). Moreover, the isothermal
condition T (r) = 37 ◦C was imposed on the upper and
lower surfaces of the neck, being reasonable to assume that
the temperature of the head and the body trunk remains
approximately constant during treatment in real applications.
B. SAR optimization
We considered the SAR-based optimization strategy cur-
rently usually employed in the literature [13]. The imple-
mented approach seeks the antenna feedings that maximize
the SAR in the gross target volume (GTV), i.e. the tumor,
minimizing the risk of hotspots in the surrounding healthy
tissues. The corresponding cost function is the target-to-
hotspot SAR quotient (THQ) [9]:
THQ =
〈SAR target〉
〈SAR V1〉 , (6)
where 〈SAR target〉 is the average SAR in the target region
(GTV) and 〈SAR V1〉 is the average SAR in V1, which is
the 1% of the healthy volume with the highest SAR (hotspot
SAR) [9], [26].
For the model of Section III-A, the procedure has led to
a good SAR focusing on the gross target volume (GTV)
represented by the sphere, as shown in Figs. 2.a, 2.b, where
the optimized SAR distribution is reported.
C. SAR-Temperature shift
The SAR obtained as above was then inserted as source
in the bioheat equation (1); the solution was carried out
with the finite-element method implemented in the COMSOL
Multiphysics tool [27].
The resulting temperature map is reported in Fig. 2.c. As can
be observed, a significant temperature shift outside the GTV
occurs. This shift can be attributed to the thermal boundary
conditions dictated by the external scenario, i.e. the water
bolus cooling.
IV. TEMPERATURE SHAPING VIA SAR FOCUSING
A. Strategy
In this section, we concentrate on effectively shaping the
temperature field, avoiding the shift between SAR focusing
and temperature distribution described in the previous section.
We would like to keep the SAR focusing approach, though,
because it is numerically effective, widespread and assessed;
we will thus proceed using the SAR focusing, but carrying out
the SAR focusing task in a manner that achieves the desired
temperature distribution.
We do this by finding where the SAR should be focused
in order to have the desired temperature coverage around a
given wanted position. In its general setting, this amounts to
an optimization problem; hence, the first issue to be addressed
is the definition of a meaningful objective function.
In practical applications, the requirements on the tem-
perature distribution involves also uniformity in addition to
positioning the maximum; the corresponding quality estimator
is the T90 parameter [26], [28], defined as the temperature
exceed by 90% of the points in the GTV. Hence, we will use
this quality indicator in our procedure.
It is apparent that a good shaping involves both temperature
“focusing” (i.e., maximizing T in the desired GTV) and
temperature uniformity; this is achieved by optimizing a single
parameter: the T90 normalized to max {T} in the GTV, i.e via:
τ90 =
T90
maxr∈GTV {T (r)} . (7)
Expression (7) will be our objective function.
4Fig. 3. Gaussian approximation for SAR. Exact squared amplitude of the electric field and its Gaussian approximation, with the corresponding temperature
distributions, evaluated along the line connecting the peaks of SAR and temperature (here along the y axis) and reported for: (a) SAR optimized on the GTV;
(b) SAR optimized for focusing on a different location.
Another important issue is to decouple this part of the opti-
mization from the SAR optimization (e.g. as in Section III-B);
this can be effectively done recognizing that in the GTV the
electric field distribution is well approximated by a Gaussian
function. We will set the width and peak value of the Gaussian
approximating field by fitting them to the squared amplitude
of the field distribution of the initial SAR optimization, and
leaving only the center position as the optimization parameter,
with the above-defined objective function τ90.
We observe that the Gaussian approximation is done on
the squared amplitude of the electric field and not on the SAR
itself. This allows a greater flexibility, as the temperature-SAR
shift may involve crossing regions with different electrical
conductivities.
The Gaussian approximation of the electric field distribution
is of course valid only locally, but is a good approximation in
the region of interest; this is seen by comparing the value of
our objective function, τ90, for actual SAR distributions and
their Gaussian approximation, as reported in Fig. 3.
As for the optimization, any local (convex) approximate
optimization would do, as we are looking for a correction
on an initial global optimization for the SAR. In this work,
we have chosen the crudest approach, that has the advantage
of simplicity and can be used as an add-on onto any existing
treatment planning system. We look for the optimal SAR peak
location in a region around the desired temperature peak point.
This will be called the refinement region VR, surrounding the
GTV. In this limited region, we discretize the space, compute
the objective function τ90 for all points in the grid, and select
the best point, i.e. the one with the highest value of the
objective function.
We now describe the process in more detail.
B. Gaussian fitting
As alluded above, we fit the squared amplitude of the
electric field, |E(r)|2, with a multivariate Gaussian function
with height a, center r0, and width Σ = diag(wx, wy, wz):
g(r; r0, a,Σ) = a exp
[
−1
2
(r − r0)T Σ−1 (r − r0)
]
. (8)
This will allow to insert a source term in the bioheat equation
(1) to perform the optimization of the SAR focusing position,
without the need to perform SAR optimization each time.
The suitability of this local approximation is readily as-
sessed by checking the final metric of the overall optimization
exercise, i.e. via the objective function of the optimization,
τ90, defined above in (7). This can be seen in Fig. 3, where
the value of the objective function is evaluated for the case
where the bioheat source term is the actual SAR optimized for
a given position, and when it is substituted for the Gaussian
approximation in (8). As it is seen there, the objective function
value is well preserved by the Gaussian approximation of
the electric field squared amplitude; the differences between
the temperature profiles (corresponding to the exact squared
amplitude of the E-field and its Gaussian approximation) only
occur moving away from the region of interest.
C. Optimum focusing point search
Thanks to the Gaussian approximation of the electric field
squared amplitude, using (8), the center of the Gaussian SAR
function can be easily moved within a region VR surrounding
the GTV and the corresponding temperature map can be cal-
culated accordingly, solving the bioheat equation (1); for each
position of the SAR center, one thus computes the temperature
distribution, and from this the τ90 objective function (7). From
the list of these values one picks the SAR peak location which
yields the largest value of the objective function.
In this exhaustive search, it is necessary to establish a)
the extension of the search region, called refinement region
VR, and b) the sampling density in this region. The distance
∆ between the SAR and temperature peaks appears as a
meaningful characteristic length of our problem.
It is also reasonable to consider a refinement region VR
with the shape of a ball centered around the tumor centroid
rt, with a diameter dR = d + 2∆, being d the radius of the
smallest sphere enclosing the GTV. The volume of VR can
be discretized with a sampling distance ∆/N among points,
where N indicates the sampling density.
5Fig. 4. Effect of optimization of SAR target position. Panel (a): objective function τ90 as a function of the Gaussian SAR focusing center for the two-
dimensional refinement region SR. The objective function value is represented in color scale. The highlighted small circle inside the refinement region indicates
the tumor circular section (GTV) on the z = 0 plane. Panel (b): temperature distribution on the z = 0 plane for the SAR map obtained by optimizing antenna
weights to focus SAR in the region centered at the pre-corrected location r¯0 = (18,−33, 0) mm. Panel (c): comparison of the temperature distributions, on
the xz and yz planes cutting the tumor, for the SAR map obtained by optimizing antenna weights to focus SAR in the GTV (label “Before T-ref”) and in
the pre-corrected location (label “After T-ref”). Fulfillment of temperature shaping is apparent by comparison with the indicated CTV and GTV.
Using an exhaustive search approach, the SAR map:
fSAR(r; r0, a,Σ) =
1
2ρ(r)
σ(r) g(r; r0, a,Σ), (9)
with a and Σ fixed by the Gaussian fit described in Section
IV-B, is generated for each point r0 ∈ VR, i.e., the Gaussian
function center is moved on the grid of sampling points inside
VR, the bioheat equation (1) is solved, and the τ90 parameter
is evaluated. The effect of this search, here limited to a two-
dimensional ball surrounding the GTV on the z = 0 plane, is
shown in Fig. 4.a.
V. RESULTS AND DISCUSSION
In this section, we report the results achieved applying
the temperature-SAR shift corrective procedure described in
Section IV; we consider both the above-introduced simple
phantom and a realistic model of the human neck region.
A. Simple neck model
For the case under study, we test the proposed strategy
limiting the refinement region to a two-dimensional ball SR
on the plane of the SAR-temperature shift; with our coor-
dinate system this is on the z = 0 plane and centered at
rt = (18,−25, 0) mm, with a diameter dR = d + 2∆ = 2.8
cm, being d = 12 mm the tumor sphere diameter and ∆ = 8
mm the SAR-temperature shift magnitude (see Fig. 3.a).
Following the approach described in Section IV-B, a bi-
variate Gaussian mask with a = 1.29e5 V2/m2 and wx =
wy = 1.8 cm has been created to fit the squared amplitude
of the E-field corresponding to the SAR distribution reported
in Fig. 2.b. The normalized Gaussian fitting function and
the corresponding temperature profile, obtained by solving
the bioheat equation (1), are shown in Fig. 3.a. The good
agreement among the curves within the region of interest (i.e.,
in proximity of the tumor) proves the effectiveness of the
implemented fit.
Computation of the objective function was then performed
for SAR center points placed at the nodes of a grid of
347 evenly spaced points on the circular refinement region
SR, with a inter-node spacing ∆/6 ∼ 1.3 mm. For each
grid point, the temperature map was computed solving the
bioheat equation (1), and the corresponding τ90 parameter was
evaluated.
Fig. 4.a shows the τ90 parameter as function of the centers
(x0, y0) of the Gaussian mask inside the refinement region.
The position corresponding to the maximum τ90 provides the
Gaussian SAR center (x¯0, y¯0) that optimizes the uniformity
of the tumor temperature coverage. In the considered case, it
was found: (x¯0, y¯0) = (18,−33) mm.
The antenna feedings optimization, performed on the 3D
model according to Section III-B, maximizing the SAR in a
target sphere of diameter d centered around r¯0 = (x¯0, y¯0, 0),
provides the temperature map displayed in Fig. 4.b on the
z = 0 plane. By comparing Fig. 2.c and Fig. 4.b, it appears
evident how the implemented shift correction has significantly
improved the temperature coverage of the GTV.
Fig. 4.c reports the temperature maps on the other planes
(xz and yz) cutting the tumor along the canonical directions
Fig. 5. Left: realistic neck phantom; right: middle top view (z = 0 plane) of
the neck model with all the considered tissues (for the tissues legend refer to
Fig. 1).
6Fig. 6. Effect of optimization of SAR target location: realistic neck model. Panel (a): temperature map displayed on the z = 0 plane, obtained focusing the
SAR on the GTV. Panel (b): τ90 parameter as a function of the Gaussian SAR focusing center in the two-dimensional refinement region SR. The position
corresponding to the maximum τ90 provides the Gaussian SAR focusing center (x¯0, y¯0) that optimizes the tumor temperature coverage. Panel (c): temperature
distribution on the z = 0 plane for a SAR optimized to be focused on a spherical region centered at the pre-corrected location r¯0 = (x¯0, y¯0, 0).
before and after the application of the above-described tem-
perature refinement. For the considered example, although the
implementation of the shift correction was limited to the z = 0
plane, a significant improvement in the temperature coverage
of the GTV was also obtained in the yz plane.
B. Realistic neck model
The temperature shift correction procedure was then re-
peated for the more realistic neck computational model visu-
alized in Fig. 5. This phantom has been realized using the 3D
mesh models of the vertebrae (from C3 to C7), the spinal cord
and the laryngotracheal canal provided by the Visible Human
Project (VHP Female Version 2.2 [29]). In this example, the
GTV has been simulated as a mass with irregular shape,
centered at rt = (−16.5,−23, 0) mm.
As per our proposed method, in the first step, the SAR-
based optimization aimed at maximizing the SAR coverage of
the tumor was performed.
Then, using the same thermal boundary conditions as those
reported in Section II for the simple model, the corresponding
temperature map was obtained (see Fig. 6.a), showing a shift
in the temperature focusing outside the GTV. The corrective
strategy described in Section IV was applied again on a
two-dimensional refinement region SR on the z = 0 plane,
centered at r = rt, with a diameter dR = 2.6 cm and a
sampling distance of 1.3 mm among points.
The search for the optimal Gaussian SAR peak location,
i.e. providing the largest value of the objective function τ90,
is reported in Fig. 6.b; the position corresponding to the
maximum τ90 was found to be r¯0 = (−18.5,−33.5, 0) mm.
Finally, the SAR focusing (optimization of Sec. III-B) on
a target sphere of diameter d = 10 mm centered around r¯0
led to the temperature map reported in Fig. 6.c. As before,
a significant improvement in the temperature coverage of the
GTV on the z = 0 plane can be observed.
VI. CONCLUSION
To ensure the therapeutic effectiveness of a hyperthermia
treatment it is important to optimally focus the temperature
increase on the tumor, with minimum collateral damage to the
surrounding tissues. In the clinical practice, this is currently
achieved via SAR-based sophisticated optimization routines,
employing accurate numerical simulations where both the
applicator and the CT-based patient model are included.
In this paper, we highlighted how SAR optimization on
the target region could be not enough to ensure an equally
satisfying temperature focusing, due to the thermal boundary
conditions imposed by the external scenario (e.g. water bolus).
To address this problem, we proposed a simple strategy to
compensate the temperature peak shift outside the tumor via
a proper displacement of the SAR focusing target. The imple-
mented procedure has been applied to improve the heating of a
tumor mass in the head and neck region, providing satisfying
results both in the case of a simple neck phantom, and for
a more realistic model. For both the considered examples,
a two-dimensional search for the optimal shift proved to be
enough for the current correction purposes. However, a three-
dimensional search could lead to further improvements in the
final temperature coverage of the tumor for antenna arrays that
allow a major control of the focusing process along the vertical
axis (e.g., when the antennas are organized in more than one
ring).
It is worth noting that the proposed strategy represents a
way to improve the temperature focusing on the target in the
context of a SAR-focusing procedure, both in pre-treatment
and during in-treatment adjustments, potentially leading to an
overall enhancement of the treatment quality with a small
additional computational effort.
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